Abstract Human atherosclerotic intima contains mast cells that secrete the neutral protease chymase into the intimal fluid, which also contains HDL-modifying proteins, such as cholesteryl ester transfer protein (CETP), in addition to abundant amounts of nascent discoidal HDL particles. Here, we studied chymase-dependent degradation of a) CETP isolated from human plasma and b) CETP-HDL complexes as well as the functional consequences of such degradations. Incubation with chymase caused a rapid cleavage of CETP, yielding a specific proteolytic pattern with a concomitant reduction in its cholesteryl ester transfer activity. These chymase-dependent effects were attenuated after CETP was complexed with HDL. This attenuation was more effective when CETP was complexed with HDL 3 and HDL 2 than with discoidal reconstituted high density lipoprotein (rHDL). Conversely, rHDL, but not spherical HDLs, was protected in such CETP complexes against functional inactivation by chymase. Thus, in contrast to the complexes of CETP with spherical HDLs, the ability of the CETP-rHDL complexes to promote cholesterol efflux from macrophage foam cells remained unchanged, despite treatment with chymase. In summary, complexation of CETP and HDL modifies their resistance to proteolytic inactivation: spherical HDLs protect CETP, and CETP protects discoidal HDL. These results suggest that in inflamed atherosclerotic intima, CETP, via its complexation with HDL, has a novel protective role in early steps of reverse cholesterol transport.-LeeRueckert, M., R. Vikstedt, J. Metso, M. Jauhiainen, and P. T. Kovanen. Association of cholesteryl ester transfer protein with HDL particles reduces its proteolytic inactivation by mast cell chymase. J. Lipid Res. 2008. 49: 358-368. 
The various subclasses of HDL play a crucial role in the initiation of reverse cholesterol transport by mediating the transfer of excess cholesterol from the macrophages in atherosclerotic lesions to the liver for excretion (1) . In plasma, several enzymes and lipid transfer proteins continuously remodel HDL, thus modulating HDL functions. Discoidal preb-migrating HDL (preb-HDL) particles are the preferred substrates for LCAT, which promotes their maturation to spherical a-HDL particles (2) . The two plasma lipid transfer proteins, cholesteryl ester transfer protein (CETP) and phospholipid transfer protein (PLTP), in turn remodel HDL, with ensuing generation of preb-HDL particles (3) . Both preb-HDL and a-HDL particles promote the efflux of cholesterol from macrophage foam cells via the ATP binding cassette transporters ABCA1 and ABCG1 (4) .
CETP is a glycosylated protein of 476 amino acids that transfers cholesteryl esters, triglycerides, and phospholipids between circulating lipoproteins (5) . In plasma, CETP is associated mainly with HDL particles, primarily the HDL 3 subclass (6) . The recently defined crystal structure of CETP has suggested a novel mechanism involving the movement of lipids through a continuous tunnel, thus adding complexity to CETP structure-function relationships (7) . Despite considerable research into the functions of CETP, its role in atherosclerosis still remains unknown (8, 9) . In addition to the liver, CETP is synthesized by smooth muscle cells and monocyte-derived macrophages in the human aortic wall (10) as well as by adipocytes (11) . However, the physiological function of CETP in these cells, or in the extracellular fluid surrounding them, has yet to be clarified. Interestingly, expression of CETP in macrophages is under regulation by liver X receptor and retinoid X receptor (12) . Because cholesterol loading in macrophages via the formation of oxysterols upregulates these receptors, it also leads to increased secretion of CETP, a response that has been considered to prevent the accumulation of cellular cholesterol (13) . The concomitant secretion of CETP and PLTP by macrophage foam cells (10, 14) raises the question of whether CETP may assist PLTP in facilitating cellular choles-terol efflux to HDL (15, 16) . Because CETP mass was found to be abundant in the macrophage foam cells of human atherosclerotic lesions and CETP transfection in COS cells increased cholesterol efflux, a direct antiatherogenic role of CETP in the removal of cholesterol from foam cells has been suggested (17) . It is intriguing to speculate that the role of CETP in atherosclerosis may differ in plasma and in atherosclerotic lesions, as has been suggested for PLTP (18) (19) (20) .
Several types of inflammatory cells accumulate at the sites where atheromas develop, including mast cells (21) . A fraction of the mast cells in the human arterial intima synthesize the neutral serine protease chymase and store it in their secretory granules (22) . Upon stimulation, mast cells release chymasecontaining granules into the intimal fluid, where chymase in its natural form (i.e., bound to the granule-derived heparin) remains partly resistant to protease inhibitors present in the intimal fluid (23) and, thus, may degrade a variety of extracellular and pericellular proteins (21) . Importantly, mast cells, via the secretion of chymase and other active compounds, exert various effects in the cardiovascular system. We believe that by promoting cholesterol accumulation and plaque vulnerability, and by locally regulating hemostasis, mast cells in atherosclerotic lesions have the potential to contribute to the clinical outcomes of atherosclerosis, such as myocardial infarction and stroke (24) .
Concerning the reverse cholesterol transport, we have found that chymase is able to degrade apolipoprotein A-I (apoA-I) in isolated HDL particles as well as in unfractionated plasma and intimal fluid (25) . Furthermore, studies in vitro have demonstrated that chymase specifically depletes preb-HDL particles (26) , thus blocking cholesterol efflux mediated by the ABCA1 pathway (27) . In contrast, limited proteolysis of HDL 3 particles by chymase does not impair their ability to activate LCAT (28) or to act as phospholipid acceptors in PLTP-mediated phospholipid transfer reactions (29) . These observations reveal that the spherical a-HDL particles primarily remain functional even after being exposed to chymase. Chymase also degrades PLTP, thereby reducing its phospholipid transfer activity (29) . However, it is not known whether chymase is able to degrade CETP, its structurally closely related lipid transfer protein.
Here, we examined in vitro the effect of human chymase on the structural integrity and cholesteryl ester transfer function of human CETP and the influence of CETP binding on different types of HDL particles with respect to the susceptibility of CETP to chymase-mediated proteolysis. In addition, we investigated the effect of CETP on HDLfacilitated cholesterol efflux and whether chymase would modify this process. Our data provide an insight into the possible fate of CETP in atherosclerotic lesions, within which proinflammatory cells secrete proteolytic enzymes into the intimal fluid.
MATERIALS AND METHODS

Isolation and purification of CETP
CETP was isolated from human plasma by modifying an earlier procedure (30) . Lipoprotein-deficient plasma was obtained by sequential ultracentrifugation of plasma at d 5 1.21 g/ml. After adding 50 U/ml Trasylol and 5 mM b-mercaptoethanol, the lipoprotein-deficient plasma was applied to a Butyl-Toyopearl 650M column (column dimensions, 5 3 30 cm; TOSO Corp., Tokyo, Japan) and recycled overnight at 4jC at a flow rate of 10 ml/min. After washing of the column with 50 mM Tris-HCl and 1 mM EDTA, pH 7.4, the column was eluted with 3 mM Tris-HCl and 1 mM EDTA, pH 7.4, and 10 ml fractions were collected. Fractions containing CETP activity were pooled, 50 U/ml Trasylol and 5 mM b-mercaptoethanol were added, and the pool was applied to a heparin-Sepharose CL-4B affinity chromatography column (column volume, 50 ml) and recycled overnight at 4jC at a flow rate of 1 ml/min with 25 mM Tris-HCl and 1 mM EDTA, pH 7.4. Fractions containing CETP activity were pooled and applied to a HiTrap heparin column (column volume, 5 ml; GE Healthcare) with the above buffer at a flow rate of 2 ml/min, and the fractions containing CETP activity were pooled again.
Heparin affinity chromatography steps were used to separate CETP from the PLTP that specifically binds to heparin (31) . The eluted pool containing CETP activity was next applied to a Mono Q HR 5/5 anion-exchange column (GE Healthcare) at a flow rate of 1 ml/min using 25 mM Tris-HCl and 1 mM EDTA, pH 7.4, buffer. After washing, the bound proteins were eluted with a linear NaCl gradient from 0 to 500 mM. Active fractions were applied to a hydroxyl apatite column (column volume, 2 ml; Bio-Rad, Richmond, CA) at a flow rate of 0.5 ml/min with 1 mM Naphosphate buffer, pH 6.8, containing 150 mM NaCl. After washing of the column with the same buffer, the bound CETP was eluted with a linear gradient of Na-phosphate from 1 to 50 mM containing 150 mM NaCl for 60 min at a flow rate of 0.5 ml/min, and 1 ml fractions were collected. CETP activity eluted at the Naphosphate concentration range of 15-25 mM. These fractions were devoid of LCAT and PLTP activity, and no apoA-I was detected in Western blot analysis. The active fractions were pooled and stored in 0.5 ml aliquots at 270jC. Five similarly purified CETP batches were used in this study, with individual batches showing a single broad band of CETP (apparent molecular mass of ?76 kDa) in Western blot analysis. Cholesteryl ester transfer activity ranged from 4.1 to 14 nmol/ml/h. No degradation of CETP protein was found after incubation of the preparations at 37jC for up to 24 h, revealing that the CETP preparations contained no detectable CETP-degrading protease activity.
Human chymase
Recombinant human chymase (specific activity, 80 N-benzoyl-L-tyrosine ethyl ester (BTEE) units/mg) was kindly provided by Teijin, Ltd. (Hino, Tokyo, Japan). This heparin-free chymase is fully inhibited by soybean trypsin inhibitor (SBTI; Sigma-Aldrich, St. Louis, MO) at a final inhibitor concentration of 100 mg/ml.
Isolation and radiolabeling of lipoproteins
LDL (d 5 1.019-1.063 g/ml), HDL 2 (d 5 1.063-1.125 g/ml), and HDL 3 (d 5 1.125-1.210 g/ml) were prepared from freshly isolated normolipidemic human plasma by sequential ultracentrifugation using KBr for density adjustment. The concentrations of lipoproteins used in the experiments are given in terms of their protein content. The HDL 3 preparation used in this study contained 0-1.5% of preb-migrating species. LDL was acetylated in the presence of acetic anhydride (32) , and the acetyl-LDL was radiolabeled by treatment with [1,2- 3 H]cholesteryl oleate (Amersham Biosciences, Piscataway, NJ) dissolved in dimethyl sulfoxide (33) . The specific activity of the [ 3 H]CE-acetyl-LDL preparation was 46 dpm/ng protein. Isolated HDL 3 and HDL 2 contained traces of immunodetectable CETP, and their choles-teryl ester transfer activity was very low (0.71 6 0.12 and 0.53 6 0.08 nmol/ml/h, respectively).
Preparation of discoidal reconstituted HDL
ApoA-I-containing reconstituted high density lipoprotein (rHDL) particles were prepared by the cholate dialysis method. In brief, egg yolk phosphatidyl choline [PC; 10 mg/ml stock in chloroform-methanol (9:1, v/v)] and cholesterol (1 mg/ml stock in benzene) were added to a glass vial, and the organic solvents were evaporated under nitrogen at room temperature. After this, the mixture was lyophilized for 30 min to remove the final traces of solvents. After lyophilization, 3 ml of TBS buffer (10 mM TrisHCl, 1 mM EDTA, and 140 mM NaCl, pH 7.4) was added, the mixture was vigorously vortexed, and 1 mg of lipid-free apoA-I (kindly provided by Dr. Peter Lerch, Swiss Red Cross, Bern, Switzerland) was added. Sodium cholate (stock solution; 0.725 M in TBS) was then added (final concentration, 55 mM), and the mixture was gently vortexed (4 3 15 s) by strictly avoiding foaming and then incubated for 20 min at 24jC in a shaking water bath. Finally, the mixture was dialyzed against TBS for ?72 h at 4jC using 3,500 cutoff dialysis tubing, after which the final volume of the mixture was adjusted to 4 ml. The apoA-I/ PC/cholesterol molar ratios of the discoidal rHDL particles ranged from 1:139:7 to 1:100:12.5, with the final preparation being composed of three subpopulations having diameters of 9.5 (major subpopulation), 12, and 15 nm. The size analysis was based on both the asymmetrical flow field-flow fractionation method (34) and native gradient gel electrophoresis (35) .
CETP activity
CETP activity was analyzed by a radiometric method as a transfer/exchange of radiolabeled [ 14 C]cholesteryl oleate (Amersham Biosciences) between exogenously added human LDL and HDL, as described previously (36, 37) . Radioactivity in HDL as a measure of transfer activity was determined by liquid scintillation counting. The activity of CETP was expressed as nanomoles of cholesteryl ester transferred per milliliter per hour.
Binding of CETP to apoA-I-containing particles A brief incubation of lipid-free apoA-I or apoA-I-containing HDL with CETP generates CETP-containing complexes (38, 39) . To promote CETP complexation, we incubated CETP (6.2-10.9 nmol/ml/h) for 1 h at room temperature with lipid-free apoA-I, or with mature a-HDL particles (HDL 2 or HDL 3 ), or with discoidal rHDL (50 mg each) in 120 ml of 5 mM Tris-HCl containing 150 mM NaCl and 1 mM EDTA, pH 7.4 (TNE buffer). As a control, CETP was incubated alone under identical conditions. Analysis of the mixtures was performed by gradient gel electrophoresis, as reported earlier (40), followed by immunoblotting using the CETP-specific monoclonal antibody (MAb) TP2 (41) (a kind gift from Dr. Yves Marcel, Ottawa, Canada). Consistent with previous reports (38, 39) , incubation of CETP with either lipid-free apoA-I or the various HDL particles shifted CETP mobility to discrete bands of higher molecular weights reflecting the formation of apoA-I-containing complexes of CETP (data not shown).
Proteolysis of CETP by chymase
Chymase (18 BTEE units) was added to incubation mixtures containing CETP that had been incubated alone for 1 h at room temperature under the conditions described, or CETP complexed with various apoA-I-containing particles, and the incubations were continued at 37jC for up to 6 h. Aliquots of the mixtures were taken at different time intervals, and SBTI was added immediately to fully inhibit chymase activity. The aliquots were applied to 12.5% SDS-PAGE, and proteins were transferred onto nitrocellulose membranes, immunoblotted using the CETP MAb TP2, and finally visualized by chemiluminescence (ECL Plus reagent; GE Biosciences, Buckingshamshire, England) to detect intact CETP and its proteolytic fragments. Semiquantitative analysis of the band denoting intact CETP was performed by scanning (Bio-Rad Gel Doc 2000 densitometer) the X-ray film. To render comparable results from individual experiments replicated two to five times using different batches of CETP, the densitometric readings were expressed as percentages of the control band at time 0. Variation in CETP activity during proteolysis was determined in aliquots of the incubation mixtures at the given time points. To compare the results of experiments in which different batches of CETP were treated with chymase for various time intervals, CETP activity was expressed as a percentage of activity at time 0. Proteolysis of the endogenous CETP contained in HDL 3 and HDL 2 was evaluated, under the conditions described above, after incubation of each HDL subfraction with chymase.
Proteolysis of apoA-I in CETP-HDL complexes
In a preliminary experiment, we preincubated lipid-free apoA-I (50 mg) in the absence or presence of either CETP (?1 mg of CETP protein was evaluated by silver staining) or PLTP (1 mg of PLTP protein based on ELISA) (42) , and in the presence of both, in 250 ml of TNE buffer at room temperature for 1 h. Then, the incubations were continued at 37jC for 6 h in the absence or presence of chymase (18 BTEE units) . Aliquots of the incubation mixtures were applied to 12.5% SDS-PAGE gels, and protein bands were visualized by Western blotting of apoA-I and its fragments. The nitrocellulose membranes were treated with a polyclonal anti-apoA-I antibody raised in rabbits against purified lipid-free apoA-I in our laboratory (R 297 IgG; 1:1,000 dilution), and the bands were detected by ECL. Next, to study the susceptibility to proteolysis of lipidated apoA-I contained in the CETP complexes, 50 mg of discoidal rHDL, HDL 3 , or HDL 2 was preincubated for 1 h at room temperature in the absence or presence of CETP (6.8 nmol/ml/h) in 250 ml of TNE buffer and then treated with chymase (18 BTEE units) under the conditions described above. Aliquots of the chymase-treated mixtures were applied to 12.5% SDS-PAGE, and the protein bands were subjected to Western blot analysis to visualize the degraded protein fragments. The effect of chymase on functional domains of apoA-I was further studied by Western blot analysis by the use of specific monoclonal antibodies targeted at either the N-terminus (residues 2-8) (MAb 4H1; kindly obtained from Dr. Yves Marcel) or the C-terminal region (residues 211-220) (MAb 4.1; kindly provided by Drs. Noel Fidge and Dmitri Sviridov, Prahran, Australia) of apoA-I.
Cell culture and loading of cells with cholesteryl esters
Human THP-1 monocytes (catalog No. TIB-202; American Type Culture Collection, Manassas, VA) were grown and maintained in complete RPMI 1640 medium containing 10% (v/v) FBS, 10 mM HEPES, and penicillin (100 U/ml)/ streptomycin (100 mg/ml) at 37jC in 5% CO 2 and 95% air. To induce differentiation of the THP-1 cells into macrophages, the cells were plated onto 24-well plates and treated with 100 nM phorbol 12-myristate-13-acetate (Sigma-Aldrich) for 72 h before the experiments. After differentiation, the macrophages were washed twice with PBS and loaded by incubating them with 25 mg/ml [ 3 H]cholesteryl oleate-labeled acetyl-LDL in RPMI 1640 supplemented with 5% (v/v) lipoprotein-deficient serum, 10 mM HEPES, and penicillin/streptomycin for 48 h. After loading, the macrophage foam cells were washed twice with PBS and cholesterol acceptors were added to the culture medium for evaluation of cellular cholesterol efflux.
Efflux of cellular cholesterol promoted by various acceptors
Lipid-free apoA-I, discoidal rHDL, HDL 3 , and HDL 2 (100 mg each) were first preincubated in the absence or presence of CETP (5.2 nmol/ml/h) in 250 ml of TNE buffer at room temperature for 1 h. Then, incubations were continued in the absence or presence of chymase (18 BTEE units) at 37jC for 6 h. After the incubations were terminated by adding SBTI to fully inhibit chymase, aliquots of the incubation mixtures were added to the THP-1 macrophage foam cells. To evaluate cholesterol efflux, the cells were incubated in serum-free RPMI 1640 supplemented with 10 mM HEPES and antibiotics containing aliquots of the above incubation mixtures to provide the following concentrations of acceptors in medium: lipid-poor apoA-I (10 mg/ml); discoidal rHDL, HDL 3 , and HDL 2 (25 mg/ml each). After incubation at 37jC for 16 h in a humidified CO 2 incubator, the media were collected and centrifuged at 2,500 rpm for 5 min to remove the detached cells. For quantification of cholesterol efflux, radioactivities in the media were determined by liquid scintillation counting (Wallac WinSpectral 1414; Wallac, Turku, Finland). The cells were then washed twice with PBS, lysed using 0.2 M NaOH, and analyzed for radioactivity. Fractional cholesterol efflux in each well was expressed as percentage radioactivity in medium relative to the total radioactivity contained in the medium and the cells. Cholesterol efflux into the incubation medium in the absence of cholesterol acceptors was considered as basal efflux and was subtracted from the efflux values in the presence of various acceptors.
Other methods
The protein content and proteolytic activity of chymase were measured using BSA as the standard and BTEE as the substrate, respectively (43, 44) . Statistical significance was determined by the two-tailed Student's t-test.
RESULTS
Effect of chymase on the proteolytic degradation and lipid transfer activity of CETP
Because CETP in the intimal fluid has two origins (i.e., macrophage-derived or plasma-derived, the former apparently not being initially associated with HDL particles and the latter being associated), we incubated CETP with chymase either as such or after complexing CETP with various types of HDL particles. The degrees of proteolysis of CETP and of CETP-HDL complexes were compared. For complexation, CETP was incubated in the presence of lipid-free apoA-I and discoidal rHDL, HDL 3 , or HDL 2 at room temperature for 1 h. Immunoblot analysis confirmed comigration of apoA-I with CETP in each case (data not shown). After a 1 h preincubation, chymase was added to the mixtures, incubations were continued for up to 6 h, and the proteins were separated by SDS-PAGE and assessed by Western blot using TP2 specific antibody against CETP. The results of representative experiments with the various complexes are shown in Fig. 1A , and they reveal that CETP was rapidly degraded by chymase, gen- Fig. 1 . Degradation of purified cholesteryl ester transfer protein (CETP) and CETP-HDL complexes by chymase. CETP was preincubated alone or with lipid-free apolipoprotein A-I (apoA-I), discoidal reconstituted high density lipoprotein (rHDL), HDL 3 , or HDL 2 (50 mg each) in 120 ml of TNE buffer, pH 7.4, for 1 h at room temperature. Chymase (18 N-benzoyl-L-tyrosine ethyl ester (BTEE) units) was added to the mixtures, and incubation continued at 37jC for up to 6 h. A: Aliquots of the incubation mixtures were applied to 12.5% SDS-PAGE, proteins were transferred to nitrocellulose membranes, and CETP was detected by immunoblotting using CETP monoclonal antibody (MAb) TP2 and visualized by ECL. Endogenous CETP associated with the HDL 3 and HDL 2 preparations, corresponding to the amounts in which they were present in the incubation mixtures, are shown in the bottom panel at time 0. MW, molecular weight. B: Western blot bands were scanned from the X-ray film shown in A. Densitometric analysis was performed, and the intensity of the intact CETP band at each time interval was measured and expressed as a percentage of the control (time 0; marked with a hatched circle for all). Initial CETP activity ranged from 6.2 to 10.9 nmol/ml/h. Data shown are representative of two to five independent experiments. Open squares represent CETP preincubated with HDL 2 ; open triangles represent CETP preincubated with apoA-I; closed squares represent CETP preincubated with HDL 3 ; closed triangles represent CETP preincubated with discoidal rHDL; and closed circles represent CETP preincubated alone.
Complexation with HDL protects CETP against proteolysis
A similar pattern was observed when CETP was complexed with either discoidal rHDL or with HDL 3 particles; however, no degradation products were visible when CETP was allowed to complex with lipid-free apoA-I or HDL 2 . This finding may be related to the specificity of CETP MAb TP2 toward an epitope located within the last 26 C-terminal amino acids of CETP. Thus, chymasemediated cleavage of CETP, which is specifically complexed to either lipid-free apoA-I or HDL 2 , likely occurred near the C-terminal end of the CETP. Indeed, there are 10 putative cleavage sites for chymase within the 26 C-terminal amino acid residues of CETP, according to the SWISS-PROT protein sequence data bank. Semiquantitative densitometric analysis of the gels confirmed that chymase progressively degraded CETP and that complexation of CETP with lipid-free apoA-I or HDL 2 rendered CETP more resistant against the proteolytic action of chymase (Fig. 1B) . Complexes of CETP with HDL 3 also partially protected CETP from degradation. In contrast, complexation with rHDL conferred on CETP the least resistance against chymase, and the degree of proteolysis achieved was similar to that of the free CETP. Both HDL 3 and HDL 2 subclasses contained traces of immunodetectable CETP (Fig. 1A, bottom lanes) . Treatment of either HDL preparation with chymase revealed that CETP associated with the HDL preparations was also degraded in a time-dependent manner (Fig. 2) .
To assess the effect of the chymase-dependent fragmentation of CETP on its cholesteryl ester transfer activity, we next determined CETP activity promoted by isolated CETP or by CETP-HDL complexes after treatment with chymase for up to 6 h (Fig. 3) . To render the results from the various experiments comparable, values are expressed relative to the activity at time 0, which was set at 100%. Similar to the observed fast and strong degradation of isolated CETP shown in Fig. 1B , treatment of isolated CETP with chymase caused a significant loss (50%) in activity already within the shortest time of incubation (15 min). Importantly, also consistent with the observed degrees of CETP degradation achieved in the various incubation mixtures (Fig. 1B) , the activity of CETP was partially preserved when it was complexed with the different HDL ligands in the following order: apoA-I 5 HDL 2 . HDL 3 .. rHDL (Fig. 3) . Although discoidal rHDL was least effective in preserving CETP activity, cholesteryl ester transfer promoted by the CETP-rHDL complexes after 6 h of incubation with chymase was still 2-fold higher than that of CETP treated with chymase in the absence of any complex-forming ligand. This observation suggests that, despite substantial proteolysis paralleling that observed with isolated CETP (Fig. 1) , specific protein-protein interactions between functional domains of CETP and rHDL in the complexes may partially protect the ability of the proteolyzed CETP to transfer CE.
Effect of chymase on apoA-I degradation in CETP-HDL complexes
We previously demonstrated that lipid-poor and variously lipidated species of apoA-I serve as substrates for chymase (25) . Because preincubation of CETP with lipidfree apoA-I or apoA-I-containing particles generated CETP complexes that protected CETP protein against proteolysis by chymase, we next analyzed whether the formation of such complexes would also contribute to preserving the Fig. 2 . Degradation of endogenous CETP by chymase. HDL 3 and HDL 2 preparations (500 mg of total protein for each) were incubated in the presence of chymase (92 BTEE units) in 500 ml of TNE buffer, pH 7.4, for up to 6 h under the conditions described for Fig. 1 . From the incubation mixtures, 10 mg as total protein was loaded on the SDS-PAGE gel, and CETP was detected by immunoblotting using the CETP MAb TP2. integrity of apoA-I present in such complexes. A preliminary experiment was conducted by incubating lipid-free apoA-I-CETP complexes in the absence or presence of chymase for 6 h at 37jC, and apoA-I was detected by Western blotting using a polyclonal anti-apoA-I antibody. Because PLTP, which shares high structural homology with CETP, also binds to apoA-I (45), we also compared the ability of PLTP to protect lipid-free apoA-I from being proteolyzed by chymase. As shown in Fig. 4 , chymase efficiently degraded lipid-free apoA-I, leading to full loss of the intact apoA-I protein band, and after 6 h of incubation with chymase, a single 26 kDa proteolytic fragment of apoA-I was faintly visible (Fig. 4, lane 2) . Again, intact apoA-I fully disappeared when apoA-I was complexed with CETP, although degradation of the formed 26 kDa band was largely prevented (Fig. 4, lane 4) . Similar to CETP complexation, when apoA-I was complexed with PLTP, no intact apoA-I was visible after incubation with chymase (Fig. 4, lane 6) . However, in sharp contrast to CETP, PLTP failed to prevent further degradation of the 26 kDa fragment (Fig. 4, lane 6) . When CETP was present in the preincubation mixture in addition to PLTP, CETP-mediated protection of the 26 kDa fragment was again observed (Fig. 4, lane 8) . These findings revealed that the protective effect against an extensive apoA-I fragmentation by chymase was attributed specifically to CETP, and the presence of PLTP did not abolish this CETP-associated protective effect. Similar results were obtained when proteolysis with chymase was extended for up to 24 h (data not shown).
Using the same approach, we next studied whether CETP, once associated with discoidal rHDL or spherical HDL, affects the proteolysis of apoA-I. In the absence of CETP, chymase degraded apoA-I in discoidal rHDL particles and also generated a large proteolytic fragment with a molecular mass of 26 kDa (Fig. 5, lane 2) . However, the intensity of proteolysis was much weaker relative to the lipid-free apoA-I (Fig. 4, lane 2) . Two additional rHDL preparations studied [apoA-I/PC/cholesterol at 1:50:12.5 and 1:100:0 (mol/mol)] behaved in a similar manner regarding chymase cleavage of apoA-I and its protection by CETP (data not shown). More importantly, complexation with CETP efficiently protected apoA-I in rHDL particles against proteolysis, and more intact apoA-I was detected in immunoblotting (Fig. 5, lane 4) . In contrast, apoA-I in the spherical HDL 3 and HDL 2 particles was poorly degraded by chymase, and the formation of complexes with CETP had no further effect on such a minor degree of apoA-I degradation, which remained ,10% (Fig. 5, lanes 5-8 and  9-12, respectively) . These results further support our previous findings that discoidal, rather than spherical, HDL particles are the most sensitive targets for mast cell chymase (26, 28) . They also suggest that CETP binding, by modifying the spatial orientation of apoA-I in discoidal HDL, restrained the access of chymase to proteolytically sensitive sites in apoA-I.
Effect of CETP on cholesterol efflux
Although it was suggested previously that CETP may have a direct role in removing cholesterol from COS cells to HDL (17) , a more recent report found no effect of macrophage CETP expression on cholesterol efflux to lipid-free apoA-I (46). To gain more insight into the potential effect of CETP in this process, we performed functional experiments with cultured THP-1 macrophage foam cells. This line of human macrophages has been used extensively for lipid efflux studies, and it has been shown that modulation of the expression levels of ABCA1/G1 and scavenger receptor class B type I can be achieved by nuclear transcription factors (47) . Our aim was to investigate whether the formation of complexes with CETP would affect the cholesterol acceptor abilities of apoA-I in discoidal and spherical HDL particles and whether treatment with chymase would affect their cholesterol efflux abilities. Therefore, we incubated lipid-free apoA-I and discoidal rHDL, HDL 3 , and HDL 2 (100 mg each) in the absence or presence of CETP (8 nmol/ml/h) for 1 h at room temperature to generate CETP-containing complexes as described above. Incubations were continued for 6 h at 37jC in the absence or presence of chymase (18 BTEE units) . Chymase was then fully inhibited with SBTI, and aliquots of the mixtures were added to cholesterol-loaded macrophages to evaluate cholesterol efflux to the medium during a 16 h incubation. We found that the addition of CETP alone (8 nmol/ml/h) to the culture medium did not affect cholesterol efflux and was similar to addition of the medium alone (4.3 6 0.2% vs. 4.3 6 0.4%) (data not shown). As shown in Fig. 6 , lipid-free apoA-I strongly increased efflux (up to 27%), reflecting stimulation of the ABCA1 pathway (Fig. 6, lane 1) , and the formation of CETP-apoA-I complexes had no further effect (Fig. 6,   Fig. 4 . Effect of CETP and phospholipid transfer protein (PLTP) on the degradation of lipid-free apoA-I by chymase. Lipid-free apoA-I (50 mg) was preincubated for 1 h at room temperature in the absence or presence of either CETP (6.8 nmol/ml/h, corresponding to 1 mg of total protein) or PLTP (600 nmol/ml/h, corresponding to 1 mg of PLTP) or both lipid transfer proteins in 250 ml of TNE buffer. Chymase (18 BTEE units) was added to the mixtures, and incubation was continued at 37jC for 6 h. Aliquots of the incubation mixtures were applied to 12.5% SDS-PAGE gels, and the protein bands were analyzed by Western blotting using a polyclonal anti-apoA-I rabbit antibody. A low molecular mass protein set was used for standardization. Lipid-free apoA-I preincubated either alone (lanes 1-2), with CETP (lanes 3-4), with PLTP (lanes 5-6), or with both CETP and PLTP (lanes 7-8) incubated in the absence or presence of chymase as indicated. lane 2). Discoidal rHDL, HDL 3 , and HDL 2 all promoted similar efflux (?15%; Fig. 6 , lanes 5, 9, 13), and complexing CETP only with HDL 3 increased efflux (P 5 0.0287) (Fig. 6,  lane 10) . Because the generation of preb-HDL is unlikely in our experimental system, our results suggest that the observed effect was produced by a subtle spatial modification of HDL 3 induced by CETP binding.
As shown above (Figs. 4, 5) , the efficiency of apoA-I proteolysis by chymase was dependent on the degree of lipidation and the shape (discoidal vs. spherical) of the HDL particles. When chymase was incubated with lipidfree apoA-I, which results in complete degradation of intact apoA-I (Fig. 4, lane 2) , cholesterol efflux was basically abolished (Fig. 6, lane 1 vs. lane 3) , even when Fig. 6 . Effect of chymase on cholesterol efflux promoted by CETP-HDL complexes. Lipid-free apoA-I and discoidal rHDL, HDL 3 , and HDL 2 (100 mg of protein each) were preincubated in the absence or presence of CETP (5.2 6 0.57 nmol/ml/h) at room temperature for 1 h in 250 ml of TNE buffer. Incubations were continued at 37jC for 6 h in the absence or presence of chymase (18 BTEE units) . After inhibition of chymase by soybean trypsin inhibitor, aliquots of the incubation mixtures were added to THP-1 macrophage foam cells to reach the following concentrations in the culture medium: 10 mg/ml apoA-I; and 25 mg/ml rHDL, HDL 3 , and HDL 2. Control wells included incubations in which the foam cells were incubated in CETP-containing medium or in culture medium only. Cholesterol efflux to medium was measured after 16 h and expressed as fractional efflux (%), as described in Materials and Methods. * P , 0.05, ** P , 0.01, *** P , 0.005. All data are means 6 SEM (n 5 3). Open bars represent -CETP/-chymase; gray bars represent 1CETP/-chymase; black bars represent -CETP/1chymase; and textured bars represent 1CETP/1chymase. Fig. 5 . Effect of CETP on the degradation of lipidated apoA-I by chymase. Discoidal rHDL, HDL 3 , and HDL 2 (50 mg of protein each) were preincubated for 1 h at room temperature in the absence or presence of CETP (6.8 nmol/ml/h) in 250 ml of TNE buffer. Chymase (18 BTEE units) was added to the mixtures, and incubation was continued at 37jC for 6 h. Aliquots of the incubation mixtures were applied to SDS-PAGE gels, and apoA-I and its fragments were visualized by Western blotting using a polyclonal anti-apoA-I antibody, as described for Fig. 4 . Discoidal rHDL preincubated alone (lanes 1-2) or with CETP (lanes 3-4) , HDL 3 preincubated alone (lanes 5-6) or with CETP (lanes 7-8), and HDL 2 preincubated alone (lanes 9-10) or with CETP (lanes 11-12) incubated in the absence or presence of chymase as indicated.
CETP was present (Fig. 6, lane 3 vs. lane 4) , reflecting the fact that the generated apoA-I-derived 26 kDa fragment was virtually unable to promote cholesterol efflux. As shown above, chymase also generated a polypeptide of 26 kDa from apoA-I in discoidal rHDL, but apoA-I in discs was more resistant to proteolysis (Fig. 5, lane 2) . When such partially degraded rHDL was added to the foam cells, a 30% reduction in efflux was observed (Fig. 6 , lane 5 vs. lane 7). Complexation with CETP did not modify the efflux induced by rHDL (Fig. 6, lane 6) , but, in sharp contrast, it fully preserved the efflux-promoting ability of the chymasetreated CETP-rHDL complexes (Fig. 6, lane 8) .
Although this finding could be partially explained by the relative protection of intact apoA-I in these complexes (Fig. 5, lane 2 vs. lane 4) , we further investigated whether qualitatively different cleavages in functional domains of apoA-I in rHDL compared with that in the CETP-rHDL complexes had occurred. Indeed, there are several reports documenting that removal of the C-terminal sequence of apoA-I (e.g., the amino acid residues 187-243) inactivates apoA-I in terms of ABCA1-mediated efflux (48, 49) . Thus, to determine whether truncation of apoA-I with the generation of a 26 kDa fragment had occurred in the C-terminal or the N-terminal region, we carried out Western blotting analysis using specific MAbs that recognize either a discrete epitope at the N terminus (residues 2-8; MAb 4H1) or a region close to the C terminus of apoA-I (residues 211-220; MAb 4.1). Because the 26 kDa fragment was the only apoA-I-derived proteolytic product found, we compared the effect of chymase on both unassociated lipid-free apoA-I and rHDL and on their complexes with CETP (Fig. 7) . This analysis revealed that the 26 kDa polypeptide derived from the proteolysis of lipidfree apoA-I and its CETP complexes was immunoreactive against the N terminus, whereas the C-terminal region of apoA-I had been cleaved off, so no signal was obtained on immunoblotting (Fig. 7, lanes 3, 4) . In contrast, the 26 kDa polypeptide in proteolyzed rHDL and CETP-rHDL complexes was immunoreactive against the C-terminal MAbs only (Fig. 7, lanes 7, 8) , suggesting that cleavage at the N terminus had occurred.
Finally, we found that although treatment with chymase produced only minor degradation of apoA-I in HDL 3 and HDL 2 (Fig. 5, lanes 6, 10) , the efflux ability was reduced by 50%, a major decrease that could not be prevented by prior complexation with CETP (Fig. 6, lane 9 vs. lanes 11, 12 and  lane 12 vs. lanes 15, 16, respectively) . Because other apolipoproteins of HDL, apart from a small fraction of apoA-I, are also targets of chymase (26, 50) , we further analyzed the apolipoprotein profile of the chymase-treated mature HDL by further immunoblotting with monospecific antihuman apoE antibodies. Indeed, we found that the inhibitory effect of chymase was associated with extensive degradation of apoE, both in HDL 3 and HDL 2 , whether complexed with CETP or not (data not shown).
DISCUSSION
The extracellular fluid of the arterial intima is a filtrate of plasma components (51) that contains, in addition to HDL particles, other proteins that participate in reverse cholesterol transport, such as CETP (10) and PLTP (14) . CETP can enter the intimal fluid from the plasma compartment in association with HDL particles and can also be expressed and secreted locally by cholesterol-loaded macrophages (13) (i.e., in the intimal areas where cholesterol accumulates and inflammation prevails). Notably, in such areas, proteolytic activity is increased and, specifically, chymase-containing mast cells are activated to secrete chymase (24) . Thus, in the macrophage foam cellrich regions of the atherosclerotic lesions, chymase, HDL particles, and lipid transfer proteins may interact in multiple ways. In the present study, we evaluated some of Fig. 7 . Western blot analysis of the apoA-I fragments generated by chymase treatment of lipid-free apoA-I, rHDL, and their complexes with CETP. Lipid-free apoA-I and discoidal rHDL (100 mg of protein each) were preincubated in the absence or presence of CETP (10.1 nmol/ml/h) at room temperature for 1 h in 250 ml of TNE buffer. Incubations were continued at 37jC for 6 h in the absence or presence of chymase (18 BTEE units) . Aliquots of the incubation mixtures were applied to 12.5% SDS-PAGE gels, and the protein bands were analyzed by Western blotting using specific MAbs recognizing the N-terminal and C-terminal regions of apoA-I. Lipid-free apoA-I (lanes 1 and 3) , CETP-apoA-I complexes (lanes 2 and 4), discoidal rHDL (lanes 5 and 7), and CETP-rHDL complexes (lanes 6 and 8) incubated in the absence or presence of chymase as indicated.
Complexation with HDL protects CETP against proteolysisthese interactions using in vitro and cell culture methods. We found that chymase effectively proteolyzed CETP and impaired its cholesteryl ester transfer activity. However, when CETP was allowed first to bind to its natural ligands (i.e., to the mature HDL particles), the integrity and function of CETP were protected against the proteolytic effects of chymase. Because binding to HDL 3 also renders PLTP more resistant to chymase-mediated inactivation (29) , the data in this study extend our previous notion that preserving the functions of the two lipid transfer proteins against proteolysis may be achieved via their binding to spherical a-HDL particles. Interestingly, although the formation of such CETP-HDL complexes prevented CETP from losing its cholesteryl ester transfer function by chymase, it did not prevent a major loss in the cholesterol efflux-inducing capacity of the mature HDL particles.
A previous study has shown that, although digestion by trypsin and a-chymotrypsin caused significant fragmentation of human CETP, its cholesteryl ester transfer activity remained unaffected (52) . That study highlighted the fact that CETP contains a highly stabilized and complex tertiary structure necessary for cholesteryl ester transfer activity that is resistant to unfolding. Of note, the limited proteolysis of CETP with trypsin or a-chymotrypsin gave rise to a series of four to six fragments, including a Cterminal fragment of 45 kDa, that is reactive with the MAb TP2 also used in the present study, which contains a functional site possibly involved in the binding of CETP to lipoprotein interfaces (52) . Here, we found that, although digestion of isolated CETP with chymase rapidly generated a major TP2-reactive fragment of 45 kDa, this proteolytic cleavage also led to a rapid loss (?70%) in its cholesteryl ester transfer activity. This result suggests that chymase, contrary to trypsin and a-chymotrypsin (52), is able to misfold the tertiary structure necessary for cholesteryl ester transfer activity. Because chymase, in contrast to achymotrypsin, is present in human atherosclerotic lesions, this singular cleavage pattern of chymase could be of potential pathophysiological relevance.
Most of the CETP in plasma is bound to a-HDL particles. Although CETP is not able to associate with protein-free PC liposomes, it readily forms complexes by direct binding to apoA-I/PC discs (rHDL), such as those used in this work (39) . It has been suggested that, whereas CETP accommodates to the edge of HDL discs, the curvature of the surface of spherical HDL particles dictates the intercalation of CETP between phospholipid head groups (39) . Data based on the crystal structure of CETP also demonstrate that the curvature of the concave surface of CETP matches the radius of the curvature observed in a-HDL particles, suggesting that potential conformational changes may occur in CETP for it to accommodate to larger non-HDL lipoproteins (7). We also found that incubation of CETP with apoA-I-containing particles of various sizes and shapes led to the formation of complexes and that, in these complexes, CETP was less exposed to chymase degradation when bound to spherical HDL than to discoidal rHDL particles. This lower degree of exposure to chymase suggests that the surface insertion of CETP may be deeper when it forms complexes with spherical than with discoidal HDL particles. The interaction of CETP with spherical HDL also protected CETP activity from proteolytic inactivation. Thus, CETP binding to HDL 3 and HDL 2 particles might have rendered the domains required for cholesteryl ester transfer less accessible to chymase.
CETP binding to lipid-free apoA-I or apoA-IV, but not apoA-II, increases its activity (38) , suggesting that functionally important changes in CETP conformation are inducible by certain apolipoproteins. We found that binding to lipid-free apoA-I provided CETP both structural and functional stability against chymase action. This resistance of CETP to proteolysis in these complexes sharply diverged from the complete depletion of lipid-free apoA-I associated with CETP. In contrast, apoA-I in discoidal rHDL, although normally highly susceptible to chymasedependent proteolysis, became very resistant against chymase when allowed first to bind to CETP. Conversely, CETP in these rHDL-complexes was extensively proteolyzed. These gains in proteolytic resistance could be explained by conformational changes in which the chymase-accessible cleavage sites of CETP or those of apoA-I became buried when complexes between CETP and lipid-free apoA-I, and between CETP and rHDL, respectively, were formed.
In contrast to the currently available information regarding the function of the lipid transfer proteins in the plasma compartment, little is known about the specific conditions that govern the remodeling of lipoproteins in the arterial intima. Recent identification of both CETP and PLTP in the human intima opens a novel road for integrating the local mechanisms of cellular cholesterol efflux and lipoprotein remodeling in atherosclerotic lesions. Here, we found that adding CETP alone to macrophage foam cells did not stimulate cholesterol efflux. Moreover, despite partial protection of CETP from chymase-dependent inactivation, complexation of apoA-I, HDL 2 , or HDL 3 with CETP did not prevent the chymase-dependent impairment of cholesterol efflux promoted by these complexes. Because THP-1 macrophages were cholesterol-loaded, it is likely that the inhibited efflux promoted by the mature HDL was partially ABCG1-dependent. Importantly, by destroying an epitope located at the C-terminal region of apoA-I, chymase led to full inactivation of the ABCA1-mediated cholesterol efflux pathway induced by lipid-free apoA-I and its complexes with CETP. Of note, the CETP-rHDL complexes, but not the nonassociated rHDL, remained fully competent in their ability to promote cholesterol efflux after treatment with chymase. Although this beneficial effect may be related to the presence of more intact apoA-I in the chymase-treated CETP-rHDL complexes, the data might also indicate a qualitatively different cleavage on apoA-I in the CETPrHDL complexes.
Unfortunately, by site-directed (N-or C-terminal) MAb analysis, we did not find any difference in apoA-I cleavage upon binding to CETP; namely, the N terminus was truncated but the C-terminal region remained immunoreactive. Cleavage of the N-terminal region does not likely result in decreased efflux, because a role for the N terminus of apoA-I in promoting cholesterol efflux has not been reported to date. However, because of the specificity of the C-terminally oriented MAb used in the present experiments (residues 211-220), we cannot exclude the possibility that chymase had cleaved a small fragment of apoA-I (beyond amino acid 220) in the rHDL, thus reducing its cholesterol-accepting ability. In fact, we have reported previously that chymase cleaves 18 amino acids at the terminal sequences of apoA-I in discoidal rHDL of similar size as the preparation used in the present study (53) . Therefore, based on the previous and present results, we consider that the association of CETP with rHDL prevents chymase-dependent functional inactivation of discoidal rHDL by preserving apoA-I intactness, and possibly also by protecting the C terminus from proteolytic attack. Thus, these results provide new insights into the interaction of CETP with discoidal HDL particles and suggest an important role for this association in maintaining efficient rates of cholesterol efflux in the atherosclerotic plaque, despite an abundance of extracellular proteases in the inflamed tissue.
Together, the present results indicate that isolated CETP and apoA-I-containing particles are highly susceptible to chymase-mediated degradation, with concomitant losses in their functions. In contrast, when present as complexes, they become protected from such degradative proteolysis to variable degrees. Surprisingly, the association of CETP with discoidal rHDL efficiently protected apoA-I from extensive proteolysis. Because the relative concentration of nascent discoidal HDL particles in the interstitial fluid of the intima fluid is relatively high (51), and they are considered to play an important role in the initial steps of reverse cholesterol transport, it is conceivable that this novel protective function of CETP could be of significance when chymase is also present in the intimal fluid. Given the high susceptibility of apoA-I in discoidal (preb-migrating) HDL to most of the proteases present in the intimal fluid (25) , it will be of great interest to examine whether the above-described protective function of CETP extends beyond chymase. Because the majority of CETP in the blood plasma is bound to mature HDL particles, most of the circulating CETP entering the intima might be protected against a local proteolytic attack by chymase. In contrast, we envision that the CETP locally synthesized and secreted by macrophages is initially unprotected and susceptible to proteolysis. Therefore, chymase secreted by activated mast cells in the vicinity of macrophages may inactivate the secreted CETP. Interestingly, it was recently shown that the expression of human CETP in the mouse liver promotes macrophage reverse cholesterol transport at the end stage of the pathway by increasing cholesterol uptake by the liver (54) . These in vivo data complement our present in vitro results, which suggest that macrophage-derived CETP protects nascent discoidal HDL against proteolysis, thus assisting the maintenance of adequate efflux of cholesterol from plaque foam cells during the early steps of the reverse cholesterol transport pathway.
The findings of chymase-mediated inactivation of both PLTP (29) and CETP (present results) expand the potential role of mast cells in the subendothelial space of atherosclerotic plaques. We propose that, by inhibiting macrophage cholesterol efflux and by locally disturbing lipid transfer reactions, activated mast cells have the potential to contribute to lipid accumulation in atherosclerotic lesions in multiple ways.
